Radioactive 129 Sb, which can be treated as a proton plus semi-magic 128 Sn core within the particle-core coupling scheme, was studied by Coulomb excitation. Reduced electric quadrupole transition probabilities, B(E2), for the 2 + ⊗ πg7 /2 multiplet members and candidate πd5 /2 state were measured. The results indicate that the total electric quadrupole strength of 129 Sb is a factor of 1.39(11) larger than the 128 Sn core, which is in stark contrast to the expectations of the empirically successful particle-core coupling scheme. Shell-model calculations performed with two different sets of nucleon-nucleon interactions suggest that this enhanced collectivity is due to constructive quadrupole coherence in the wavefunctions stemming from the proton-neutron residual interactions, where adding one nucleon to a core near a double-shell closure can have a pronounced effect. The enhanced electric quadrupole strength is an early signal of the emerging nuclear collectivity that becomes dominant away from the shell closure. PACS numbers: 25.70.De, 23.20.-g, 21.10.Ky
Radioactive 129 Sb, which can be treated as a proton plus semi-magic 128 Sn core within the particle-core coupling scheme, was studied by Coulomb excitation. Reduced electric quadrupole transition probabilities, B(E2), for the 2 + ⊗ πg7 /2 multiplet members and candidate πd5 /2 state were measured. The results indicate that the total electric quadrupole strength of 129 Sb is a factor of 1.39 (11) larger than the 128 Sn core, which is in stark contrast to the expectations of the empirically successful particle-core coupling scheme. Shell-model calculations performed with two different sets of nucleon-nucleon interactions suggest that this enhanced collectivity is due to constructive quadrupole coherence in the wavefunctions stemming from the proton-neutron residual interactions, where adding one nucleon to a core near a double-shell closure can have a pronounced effect. The enhanced electric quadrupole strength is an early signal of the emerging nuclear collectivity that becomes dominant away from the shell closure. Atomic nuclei are finite many-body quantum systems that exhibit a unique level of organization. Understanding this organization and the collective phenomena that emerge from the many individual nucleon-nucleon interactions is a leading challenge. The conventional microscopic modeling principle is to first invoke a mean field in which the nucleons move, which establishes the nuclear shell structure, and second, introduce residual interactions between the nucleons outside of a double-shell closure, which leads to configuration mixing and correlations in the nucleonic motion.
It has long been postulated [1, 2] that nuclear collective excitations develop when the long-range part of the proton-neutron (pn) residual interaction, which is thought to drive the emergence of collectivity and deformation, overcomes the short-range pairing interaction, which akin to Cooper-pair formation in superconductors couples like nucleon pairs to spin zero and favors spherical shapes. The long-range pn interaction increases as both protons and neutrons are added outside a closed shell. Thus, the quest to understand how collectivity emerges, and the role of proton-neutron interactions, is traditionally based on systematic studies of sequences of nuclei that exhibit increasing collectivity, starting at a closed shell.
One of the simplest possible steps that can be taken is to study the change in collectivity accompanying the addition of a single nucleon outside of a semi-magic eveneven core. Nuclear collectivity is signalled by strong electric quadrupole (E2) transitions between low-excitation energy levels. In seeking to understand the emergence of nuclear collectivity, it is essential to study E2 transition strengths, which may begin to show collective features before the patterns associated with deformed collective excitations (e.g., anharmonic vibrations and rotations) emerge in the energy levels.
The region around double-magic 132 Sn is now accessible through experiments on radioactive beams. This provides an excellent opportunity to investigate the emergence of nuclear collectivity from the underlying singleparticle motion because 132 Sn is a robust doubly magic core [3] [4] [5] [6] [7] . In particular, 132 Sn does not have deformed multi-particle, multi-hole states at low-excitation energy (like 16 O and 40 Ca) that can mix with the lowest-lying states and complicate the interpretation of shell-model calculations.
The framework for our present investigation into the emergence of collectivity near 132 Sn is the particle-core coupling concept introduced by de-Shalit [8] , further developed by Bohr and Mottleson [9] [10] [11] [12] , and used in modern effective field theory calculations [13] . In this model, a single nucleon in an orbit of angular momentum j is coupled to the 0 + ground state and the first 2 + excitation of an even-even core. The odd-mass nuclide has a ground-state angular momentum of j and a "multiplet" of states near the excitation energy of the core 2 + state with angular momentum I, where |j − 2| I |j + 2|, formed by coupling the odd nucleon to the 2 + core excitation. The assumption that the odd nucleon does not perturb the core, together with angular momentum coupling algebra, gives rise to an E2 sum rule:
B(E2; ↑) multiplet = B(E2; 0 + → 2 + ) core . This sum rule, which is implicit in particle-core coupling models and used in textbook examples of collective structure in odd nuclei [14] , was empirically demonstrated in 1976 by Tuttle et al. [15] . The seminal studies on 113, 115 In (a proton hole in Z = 50) [15, 16] have revealed total electric quadrupole strengths that are consistent with those of their 114,116 Sn cores at the neutron midshell. While the required data remain scarce, the sum rule has been empirically robust to date (as we will demonstrate below).
In this Letter we report rare evidence of the breakdown of the particle-core E2 sum rule. Importantly, the E2 strength observed in 129 51 Sb 78 exceeds that of its 128 50 Sn 78 core, indicating an enhancement of collectivity as a result of the added proton. Shell-model calculations show that the enhanced collectivity originates from coherent contributions of the valence proton and neutrons together, which can be interpreted as an early indication of emerging collectivity in a nuclear system only four neutron holes and one proton away from doubly magic 132 Sn. A radioactive ion beam of 129 Sb at an energy of 400 MeV was Coulomb excited on a 1.0-mg/cm 2 selfsupporting enriched 50 Ti target. The measurement was performed at the Holifield Radioactive Ion Beam Facility (HRIBF) of Oak Ridge National Laboratory (ORNL). Recoiling target-nuclei were measured in a 2π CsI array, BareBall [17] , and subsequent γ rays were measured in a Compton-suppressed HPGe Clover array, CLAR-ION [18] . A Bragg-Curve gas detector was used to measure beam compositions and stopping powers. B(E2) values were determined by measuring cross sections and particle-γ angular correlations of excited states following Coulomb excitation.
The isotopic composition of the target was subsequently measured by inductively coupled plasma mass spectrometry, giving 1 trum of the beam composition was given in Ref. [19] . The ground and isomeric components of the beam were measured by decay at the center of CLARION. For the 129 Sb beam component of interest, 63(2)% was in the ground state and 37(2)% was in the isomeric 19 /2 − state. The energy loss of the beam through the target was determined to be 56(2) MeV from the Bragg detector.
The Ti-gated γ-ray spectra are shown in Fig. 1 and a partial level scheme for the states and transitions observed in 129 Sb is given in Fig. 2 . Many of the lines in Fig. 1 (a) are associated with known lines in 129 Te. Turning to 129 Sb, the most strongly excited states are the four low-lying states directly connected to the ground state at 645, 913, 1161 and 1128 keV. There is also small but clear two-step Coulomb excitation of the 19 /2 − isomeric state present in the beam. Due to the lack of a good efficiency calibration at low energy, Coulomb-excitation analysis in the present work is limited to ground-state excitation. Three relatively weak unidentified transitions at 257, 697, and 1080 keV in the particle-γ spectrum were disregarded for the Coulomb-excitation analysis; none of these transitions are observed in γ-γ coincidences. Based on the weak particle-core coupling limit [8] , where the excitation strength scales with (2I + 1)/(2 × 7 /2 + 1) from the core strength, the two strongest transitions to the 7 /2 + ground state are expected to be from the 11 /2 + (parallel) and 9 /2 + multiplet members. However, shell-model calculations, which will be introduced later, predict the third strongest transition to be from ( 15 the 3 /2 + (anti parallel) multiplet member and relatively weak transitions from the 5 /2 + and 7 /2 + multiplet members. The three strong transitions observed are from states at 913, 1128, and 1161 keV, see Fig. 2 . The 913-keV state is assigned I π = 3 /2 + from ( 3 H,α) transfer reactions which show that the angular momentum transfer L( 3 H, α) = 2 [20, 21] . The 1161-keV state can be identified as 9 /2 + because it is populated indirectly in the β − decay from the 129 Sn ground state (I π = 3 /2 + ) [22] , whereas the 1128-keV state is not. This leaves the 1128-keV state, which is populated in various isomer and prompt-fission decays [23], as the only candidate for 11 /2 + . These three assignments agree with Ref.
[23]. The 1252-keV state is tentatively assigned I π = 5 /2 + on the basis of energy systematics of the Sb isotopes [23] and direct population from single-step Coulomb excitation in the present study. The (2I + 1) weighted mean energy of the tightly grouped set of states between 913 and 1252 keV is 1135 keV [23] , which is in agreement with the first 2 + energy of the 128 Sn core, 1168 keV, suggesting minimal contribution from components other than ν2 + ⊗ πg7 /2 . The Coulomb-excitation analysis was performed using the semi-classical program gosia [24] . The analysis procedures, including necessary corrections, were similar to those in Refs. [25] [26] [27] [28] [29] [30] . The absolute B(E2) values were extracted relative to 48 Ti with B(E2; 0 + 1 → 2 + 1 ) = 0.0662(29) e 2 b 2 [31] . Uncertainties due to unknown branching ratios, δ = E2 /M1 mixing ratios, quadrupole moments, and interference effects were included in the analysis; experimental limits were used where possible. The "safe" criterion, cf. [30, [32] [33] [34] , was investigated with the reaction program fresco [35] . For the nuclear potentials set to zero, the fresco calculations agreed to within 3.6% of the gosia calculations. For the most backward center-of-mass angles, fresco calculations -with real and imaginary potentials up to 50 and 10 MeV, respec- tively -showed destructive Coulomb-nuclear interference effects with up to 12% smaller cross sections. These effects would result in B(E2)s that are too small, and it would have less impact on the more forward centerof-mass angles measured. Overall, the extracted B(E2) values were consistent as a function of center-of-mass angle within statistical uncertainty.
The excitation B(E2) values and fragmentation of strength over the 2 + ⊗ πg7 /2 multiplet members and candidate πd5 /2 state are shown in Fig. 3 . The primary observation is that the fragmented B(E2) strength sums to a value that is a factor of 1.39(11) larger than the 128 Sn core excitation [25] . This is in stark contrast to the expectation of equal sums in particle-core coupling schemes, which do not modify the core or develop extra total collectivity due to particle-core interactions. The spectroscopic results are compared to two shell-model calculations in Table I and the calculated B(E2) values and sums are also shown in Fig. 3 . Within the general weak particle-core coupling limit [8] , the B(E2; ↓) of each multiplet member should be equal to each other, which is clearly not the case; the results are qualitatively more consistent with intermediate coupling.
Shell-model calculations were performed with the NuShellX [36] (SM1) and antoine [37] (SM2) programs using different nucleon-nucleon interactions as described in Refs. [38] and [39] , respectively. These two independent calculations represent state-of-the-art shellmodel calculations near 132 Sn. Both calculations use a 100 Sn core and include the 0g7 /2 , 1d5 /2 , 1d3 /2 , 2s1 /2 , and 0h11 /2 orbitals for protons and neutrons. Both interactions are based on the CD-Bonn nucleon-nucleon potential, but with different procedures for renormalization and derivation of the effective Hamiltonian; both add a Coulomb term for the proton-proton interaction. The interaction used with SM1 is designated jj55pn. The SM1 calculations used an effective proton charge of e p = 1.7e, and an effective neutron charge of e n = 0.8e chosen to [25, 27] . The SM2 calculations used e p = 1.7e and e n = 0.9e, which also reproduce these closed-shell B(E2) values.
The shell-model calculations account for much of the enhanced collectivity. Both calculations give a low-lying 5 /2 + state that is dominated by a d5 /2 proton, and five states with I π = 3 /2 + , 5 /2 + , 7 /2 + , 9 /2 + , 11 /2 + , which correspond to the ν2 + ⊗πg7 /2 multiplet. The energy of the 5 /2 + 1 state is higher than in experiment in both calculations, with SM2 giving a better result. However, SM2 gives multiplet energies that are ∼200-keV too high whilst the SM1 multiplet energies are closer to experiment.
The B(E2) strengths are under-predicted in both calculations, especially for the parallel and anti-parallel spin-coupled 11 /2 + and 3 /2 + states, with SM2 giving higher B(E2) strengths than SM1. If the nominal effective charges of SM2 are used for SM1, the B(E2 ↑) values increase with a new total sum of 28.6 W.u. but it comes at the expense of over predicting the 128 Sn B(E2 ↑); the ratio of summed strengths remains unchanged but it can be made larger by small changes to the harmonic oscillator wave functions and ω scaling. Considering the differences between SM1 and SM2, uncertainties in the effective charges, and sensitivity to the harmonic oscillator parameters, the short fall in E2 strength in the SM calculations is on the order of the theoretical uncertainties. The following discussion focuses on the origin of the enhanced collectivity, which is at least qualitatively predicted by both SM1 and SM2.
The wave functions generated by the two shellmodel calculations predict the same dominant configuration in each state but the SM2 wavefunctions are more fragmented over the configuration space; the predicted larger values of the B(E2) transition strengths in SM2 must therefore be associated with constructive interference among the many contributions to the B(E2) values, which can be interpreted as an indication of emerging collectivity.
According to both shell-model calculations, the odd proton in 129 Sb changes the configuration mixture in the neutron part of the wavefunction compared to the 128 Sn core. The consequences can be investigated by examining the proton and neutron components of the
is the reduced matrix element for the proton(neutron) contribution to the transition. A first observation is that the addition of the proton does not increase the collectivity of the 128 Sn core -the A 2 n term alone in the sum rule only just matches that of the core in SM2 and falls short by about 10% for SM1. The A 2 p term due to the single proton contributes less than 10% to the sum rule in both calculations. Thus in both calculations it is the pn term, e p e n A p A n , adding coherently overall to the A 2 p and A 2 n terms, that gives the additional strength in the sum. This is a clear signature that the residual pn interactions are not only fragmenting the wavefunctions, but doing so in a way that leads to constructive interference in the E2 strength. Thus the proton-neutron interactions, which cause the splitting of the 2 + ⊗ πg 7/2 multiplet, also cause the increased collectivity. A recent study [40] of emerging collectivity in 132 Xe, the isotone of 129 Sb, demonstrated similar fragmentation of the wavefunctions together with emerging quadrupole correlations, as neutron pairs are removed from 136 Xe (N = 82). The present study on 129 Sb with a single valence proton exposes the role of the proton-neutron interactions in the emergence of collectivity.
A global comparison of electric quadrupole strength, i B(E2; I π g.s. → I π i ), between semi-magic even-even and adjacent odd-mass nuclei is shown in Fig. 4 , expressed as ratios. For the semi-magic nuclei this sum is simply B(E2; 0 + 1 → 2 + 1 ); for the odd-mass nuclei, it is the sum of all B(E2 ↑) values connected to the ground state. 129 Sb, and to a lesser extent 91 Zr, deviate from the simple expectation that the odd-mass nucleus and semi-magic core should have equal B(E2 ↑) values. The 129 Sb result provides a clear indication of an experimental departure from the hitherto empirically successful sum rule. Adding one nucleon to a core near a double-shell closure with a small B(E2) value can have a pronounced effect giving sensitivity to emerging collectivity that otherwise would be obscured.
In conclusion, radioactive 129 Sb, which can be considered as a proton plus semi-magic 128 Sn core within the particle-core coupling scheme, was studied by Coulomb excitation. The reduced electric quadrupole transition probabilities, B(E2), for the 2 + ⊗ πg7 /2 multiplet members and candidate πd5 /2 state were measured. The results indicate that the total electric quadrupole strength of 129 Sb is a factor of 1.39 (11) larger than that of the 128 Sn core, providing an early signal of the emerging nuclear collectivity that becomes dominant away from shell closures. Shell-model calculations suggest that the enhancement is due to increased sensitivity (i.e., when in proximity to a double-shell closure) to constructive quadrupole coherence stemming from proton-neutron interactions. The present study on 129 Sb with a single valence proton explicitly exposes and quantifies the role of the proton-neutron interaction in the emergence of collectivity.
